Abstract
INTRODUCTION
Sepsis is prone to cause multiple organ dysfunction [1, 2] . Studies have reported that the incidence of acute kidney injury (AKI) is higher in patients with sepsis, while the prognosis of septic AKI is poor [3, 4] . Early detection of risk factors for septic AKI and early intervention are of great importance. At present, AKI related clinical guidelines use urine volume and serum creatinine (Scr) as the diagnosis criteria. Urine volume is easily affected by some factors such as diuretic and rehydration status, so the increase of Scr level becomes the main criterion [5, 6] . However, Scr is less sensitive to the diagnosis of AKI, and the glomerular filtration rate usually has increased more than 50% when Scr begins to rise. It has obvious hysteresis and is difficult to reveal kidney injury in time [7] . Most patients have suffered severe AKI when they are diagnosed, which seriously delays treatment onset [8] . Therefore, exploring a more sensitive detection indicator for AKI is the focus of current research. Studies have reported that blood lactic acid (Lac), C-reactive protein (CRP), and other biochemical indicators may be related to the occurrence of AKI, but its ability to predict AKI is controversial [9, 10] . Contrast-enhanced ultrasound (CEUS) can display tissue microcirculation and has the characteristics of convenient operation and no nephrotoxicity. It has been widely used in the monitoring of renal microcirculation under various situations such as kidney transplantation, hypertensive nephropathy, and extracorporeal circulation [11] . Animal experiments have revealed that CEUS can detect changes in renal cortical microcirculation in early ischemia/reperfusion injury, suggesting the possibility of AKI [12] , but its role in AKI assessment and diagnosis has not been clinically confirmed. In this study, patients with sepsis were defined as subjects, and statistical analysis of general data, biochemical indicators, and CEUS indicators were conducted to investigate the diagnostic value for septic AKI. The aim of this study is to realize early intervention in the development of septic AKI, thereby improving patient prognosis.
MATERIALS AND METHODS

Research objective
Patients who developed sepsis during hospitalization in Tongji Hospital of Tongji University from September 2016 to January 2019 were recruited as subjects. Inclusion criteria were as follows: (1) Meet the diagnostic criteria for sepsis [13] ; and (2) Age ≥ 18-years-old. Exclusion criteria were as follows: (1) Kidney transplantation, renal benign/malignant tumor, and renal vascular disease before admission; (2) Severe heart failure within 72 h; (3) Patient gave up treatment halfway; (4) Pregnant women, lactating women, patients with mental disabilities; and (5) Poor results of CEUS. The study was approved by the clinical trial ethics committee of Tongji Hospital of Tongji University. All subjects were informed and signed informed consent.
Clinical indicators recording
After diagnosis of sepsis, the patient's hourly urine volume, mean arterial pressure (MAP), Lac, central venous oxygen saturation (ScvO 2 ), Acute physiological chronic health status scoring system II, and systemic inflammatory response score (SIRS) were recorded. Renal function indicators [Scr, blood urea nitrogen (BUN)] were measured using Modular-P800 automatic biochemical analyzer (Roche, Switzerland) and supporting reagents. CRP was detected by IAMMGE analyzer (Beckman, Brea, CA, United States) and supporting reagents. Serum amyloid A (SAA) was detected by BNII analyzer (Siemens, Munich, Germany) and supporting reagents.
Ultrasound examination and quantitative analysis
A MyLab Twice Color Doppler Ultrasound system (Esaote, Italy) with a convex array probe (frequency 4 MHz) was used in this study. CEUS was performed using Sonovue ultrasound microbubble contrast agent. The patient was placed in the lateral position, and after the image was clear, the probe was fixed to the largest renal long axis section and kept. The CEUS mode was activated after the contrast agent was injected. The sonographer continuously observed the contrast process of the renal parenchyma in real time until the enhancement intensity was weakened to near the pre-test level. Then the entire process of CEUS was saved. Dynamic analysis of the region of interest was performed using offline software. The region of interest was placed perpendicular to the renal cortex of the sound beam, avoiding the thicker blood vessels. The software automatically formed a time-intensity curve (TIC) and CEUS quantitative data, including peak intensity (PI), rise time (RT), wash in slope (WIS), time from peak to one half, and area under the curve (AUC).
Patient grouping
Patients completed a 6 h bundle treatment firstly, and they were divided into AKI group and non-AKI group according to the renal function and hourly urine volume within 48 h. Renal function and hourly urine volume of the patients in non-AKI group were recorded again on day 7 and further classified into AKI subgroup and non-AKI subgroup according to AKI diagnostic criteria [14] (Figure 1 ).
Statistical analysis
The statistical analysis was performed using SPSS (Armonk, NY, IL, United States) software (version 19.0) and Medcalc software (version 19.0.2, Ostend, Belgium). The numerical data were expressed as mean ± SD, and the comparison between the two groups was compared using the t test. The categorical variables were expressed as number and percentage, and the comparison between the two groups was performed by the χ 2 test. Receiver operating characteristic (ROC) curve was used to analyze the diagnostic efficacy of septic AKI. The combination of potential indicators was established based on logistic regression model to explore the diagnostic value of septic AKI. Statistical significance was defined as 2-tailed P < 0.05 for all tests.
RESULTS
CEUS performance in patients with septic AKI and non-AKI sepsis
A total of 90 patients with sepsis were included in the study and were divided into the AKI group (n = 24) and the non-AKI group (n = 66) according to the renal function and hourly urine volume within 48 h. The renal function and hourly urine volume of patients in the non-AKI group were recorded again on day 7, and they were further divided into the AKI subgroup (n = 13) and non-AKI subgroup (n = 53) according to the AKI diagnostic criteria. The difference in CEUS between septic AKI and non-AKI sepsis was shown in Figure 2 . The TIC of patients with non-AKI sepsis showed a rapid rise to a peak and a slow decline. The TIC in patients with septic AKI showed a slow rise to a peak and a slower decline. Compared with patients with non-AKI sepsis, patients with septic AKI showed a decreased PI, prolonged RT, and decreased WIS
Comparison of clinical data between non-AKI group and AKI group within 48 h
The clinical characteristics between the non-AKI group and AKI group were compared in Table 1 . The age, gender, body mass index, Acute physiological chronic health status scoring system II, MAP, ScvO 2 , CRP, SAA, and 24 h urine volume were similar between the two groups, and the differences were not statistically significant (P > 0.05). The SIRS, Lac, Scr, and BUN in the AKI group were significantly higher than those in the non-AKI group, and the differences were statistically significant (P < 0.05). In the CEUS indicators, the RT in the AKI group was higher than that in the non-AKI group, and the PI and WIS were lower than those in the non-AKI group. The differences were statistically significant (P < 0.05). The time from peak to one half and AUC were similar between the two groups, which were not statistically significant (P > 0.05).
Comparison of clinical data on admission between AKI subgroup and non-AKI subgroup
Renal function was re-evaluated on the 7 th day for non-AKI group patients. The incidence of AKI was 19.70% (13/66). Patients were divided into the AKI subgroup (n = 13) and non-AKI subgroup (n = 66). The comparison of clinical data on admission between AKI subgroup and non-AKI subgroup is shown in Table 2 . The PI and WIS in the AKI subgroup were lower than those in the non-AKI subgroup, and the differences were statistically significant (P < 0.05). The SIRS, Lac, Scr, BUN, and RT were similar between the two groups, and the differences were not statistically significant (all P > 0.05).
Diagnostic values of potential indicators for septic AKI
The results of ROC analysis for the diagnosis of septic AKI by SIRS, Lac, Scr, BUN, PI, RT, and WIS are shown in Table 3 and Figure 3 . It revealed that SIRS, Lac, BUN, and RT had lower accuracy in the diagnosis of septic AKI (all AUC < 0.8). The AUC of Scr was 0.825, which was higher than other potential indicators. Furthermore, its diagnostic specificity was 100%. However, the sensitivity was low (only 56.76%). In the CEUS indicators, both WIS and PI had high diagnostic value. The AUC of WIS and PI were 0.928 and 0.912, respectively. In contrast to Scr, the sensitivities of PI and WIS were both 100%, but their specificities were poor (PI: 75.47%, WIS: 71.70%).
Value of combined indicators in the diagnosis of septic AKI
Since the specificity of Scr for the diagnosis of septic AKI was 100%, the sensitivities of WIS and PI were 100%. This study performed a combined diagnosis of Scr, PI, and WIS based on logistic regression model. It revealed that the accuracy of the combination for the diagnosis of septic AKI was highest (AUC = 0.943, 95%CI: 0.873-0.981), which was significantly greater than the AUC of Scr (z = 2.398, P = 0.017). In addition, it was greater than the AUCs of WIS and PI, but the differences were not statistically significant (WIS: z = 0.483, P = 0.629; PI: z = 0.910, P = 0.363). The best diagnostic point was 0.48, and the sensitivity was 94.59%, specificity was 81.13% ( Figure 4 ).
DISCUSSION
Sepsis often leads to multiple organ dysfunction, and the kidney is one of the most susceptible organs [15] . The study of Mehta et al [16] revealed that 44% of patients suffered septic AKI, and their mortality rate was 74.5%, which was significantly higher than sepsis patients who did not develop AKI. Early diagnosis or prediction of the occurrence of septic AKI and early intervention is critical to improve the prognosis of patients with sepsis. Scr and urine volume are commonly used diagnostic indicators of AKI at the current stage [17] , but Scr and urine volume are systemic indicators, which are unable to reveal the status of single kidney and have obvious hysteresis [18] . In addition, some factors in the treatment process will affect the patient's urine volume, including the patient's own condition and tolerance and the patient's medication and rehydration, which make it difficult to guarantee the diagnostic value of AKI [19] . Parikh et al [20] reported that the rise of Scr significantly lags behind the decrease of renal blood volume, and the sensitivity of AKI diagnosis is insufficient. Petrovic et al [21] reported that when Scr changes significantly, the kidney has already undergone large-scale irreversible damage. At that time, intervention has missed the best treatment window, which may be one of the causes of poor prognosis in patients with septic AKI. In recent years, studies have examined potential indicators for the early diagnosis of septic AKI and have found some that can reveal the extent of tissue perfusion and inflammatory response related to the occurrence of AKI [22] . However, there are controversies about the clinical accuracy and clinical applicability [23] . CEUS is a commonly used tool for clinical detection of tissue perfusion. Stenberg et al [24] found that CEUS can be sensitive to changes in renal cortical blood vessels, which may become a potential method for early warning of septic AKI, but its diagnostic value has not been confirmed. Therefore, in this study, we analyzed the patient's clinical indicators and CEUS results, explored the method of early diagnosis of septic AKI, and analyzed the application value of multi-index combined diagnosis in order to increase the possibility of early diagnosis of septic AKI.
Clinical features of patients with septic AKI within 48 h
The development of AKI is complicated, and some patients have a significant increase of Scr levels in a short time. According to the international guidelines for the management of sepsis and septic shock, AKI can be diagnosed by Scr growth of ≥ 26.5 μmol/L within 48 h. Accordingly, patients in this study were divided into the AKI group and non-AKI group. Comparative analysis of the clinical indicators between the two groups found that the SIRS in the AKI group was significantly higher than that in the non-AKI group. Since the SIRS can reveal the severity of the inflammatory response in the body, its increase may be related to the occurrence of AKI. This conclusion is similar to the study by Messmer et al [25] . The core reason may be that SIRS describes the pathophysiological changes of sepsis caused by infection. The release of inflammatory factors may cause damage to renal tubular epithelial cells and further trigger septic AKI. Excessive immune and inflammatory mechanisms may accelerate this process [26, 27] . However, there are no significant differences in CRP, SAA, and other inflammation-related indicators between the two groups. We believed that SIRS is more comprehensive in assessing the severity of the inflammatory response in the body. It is more suitable to reveal the degree of kidney damage than other indicators.
Previous studies have shown that changes in indicators such as Lac, Scr, and BUN are associated with changes in renal function, and renal dysfunction in patients with sepsis may be associated with the occurrence of AKI [28] . In this study, Lac, Scr, and BUN in the AKI group were significantly higher than in the non-AKI group. An increase in the level of Lac, Scr, or BUN at admission indicated that the patient had a severe renal injury and was more likely to develop septic AKI. Patients with severe sepsis often have hypotension, which will affect blood perfusion in tissues and organs [29] . The combination of renal hemodynamic instability and hypoperfusion is one of the mechanisms of high incidence of septic AKI [30, 31] . MAP can be used to reveal the perfusion of the whole body. The study by Bagshaw et al [32] believes that MAP is important for the occurrence and prognosis of AKI. However, in the study by Deruddre et al [33] , there was no significant difference in MAP between patients with septic AKI and simple sepsis. Similarly, the relationship between ScvO 2 and AKI is also highly controversial [34] . CEUS is sensitive to changes in renal blood perfusion. An animal study by Stock et al [35] has confirmed that detection of cortical RT is better than Scr in AKI prediction. This study compared the CEUS indicators between the two groups, and found that the RT of the AKI group was significantly greater than that of the non-AKI group and that the PI and WIS were significantly lower than those of the non-AKI group. Compared with the CEUS characteristics of the non-AKI group, the PI of the AKI group decreased, and the TIC had the characteristics of slow rise and slow decline. The reason may be that CEUS can display local tissue perfusion, and renal perfusion was insufficient in patients with septic AKI. Compared with sepsis patients without AKI, the filling and discharge rate of contrast agent in the kidney were decreased. However, there were no significant differences in MAP and ScvO 2 between the two groups, which are similar to the results of Deruddre et al [33] . The possible reason is that MAP and ScvO 2 levels mainly reveal systemic blood perfusion and oxygen supply, while CEUS can reveal renal blood flow in real time and indicate renal microcirculation blood perfusion. It suffers less interference and can be more sensitive to indicate changes in renal blood perfusion, and even the occurrence of AKI.
Clinical features of patients with septic AKI on day 7
Scr is the main reference index for clinical diagnosis of AKI at this stage, but it has a certain hysteresis. In patients who have not been diagnosed with septic AKI within 48 h, some in the early stages of AKI will not be identified by Scr. Therefore, the growth of Scr within 7 d is often supplemented by the 48 h Scr currently. That is, if patients with an increase in Scr < 26.5 µmol/L within 48 h, it can be diagnosed as AKI as well if the increase of Scr was 1.5 times higher than the baseline within 7 d. According to this feature, the sepsis patients without AKI within 48 h were re-diagnosed according to the Scr on day 7 and were divided into AKI subgroup and non-AKI subgroup. By comparing the indicators on admission, the SIRS, Lac, Scr, and BUN were similar between the two subgroups. It is suggested that SIRS, Lac, Scr, and BUN cannot indicate the subclinical changes in early septic AKI. ROC analysis also suggested that SIRS, Lac, Scr, and BUN were less accurate as indicators for the diagnosis of septic AKI. When the kidneys are less damaged, inflammation is lighter and renal dysfunction is not obvious, and it is difficult detect warning signs in the early stage of septic AKI. Among the CEUS indicators, the PI and WIS of the AKI subgroup were higher than those of the non-AKI subgroup, but the RT was similar in the two groups. These findings suggest that increased PI and WIS may be used to indicate the development of early septic AKI.
Accuracy analysis of potential indicators for the diagnosis of septic AKI
This study demonstrated that changes in CEUS results, SIRS, Lac, Scr, and BUN in patients with sepsis may suggest the occurrence of septic AKI. In order to clarify further the diagnostic ability of each indicator for septic AKI, this study conducted ROC analyses on the above indicators. The results showed that the diagnostic values of WIS and PI were higher (both AUC > 0.9), which were higher than the accuracy of Scr (AUC = 0.825). In addition, the specificity of Scr for the diagnosis of septic AKI was 100%, but the sensitivity was insufficient. It indicated that when Scr was used as a diagnostic criterion, although the occurrence of misdiagnosis could be effectively avoided, the rate of missed diagnosis was high. Besides, when WIS and PI were used as the diagnosis criteria, both of them have the characteristics of high sensitivity but insufficient specificity. It may be because CEUS is sensitive to changes in renal blood perfusion. A slight change in renal blood flow can cause changes in filling intensity and time. CEUS can sensitively detect blood flow changes in mild kidney injury. Therefore, its sensitivity to diagnose AKI is high, but it also means that it is prone to misdiagnosis.
Accuracy analysis of combined indicators for the diagnosis of septic AKI
According to the results of ROC analyses, it was found that Scr had an ideal specificity but insufficient sensitivity for the diagnosis of septic AKI, and its AUC was difficult to meet the diagnostic needs. Although WIS and PI had high diagnostic values (Both AUC > 0.9), their specificities were not enough. In order to explore a method that can accurately diagnose the occurrence of septic AKI, this study combined the indicators with high independent diagnostic accuracy and found that the combination of Scr, WIS, and PI for the diagnose of septic AKI had the highest accuracy (AUC = 0.943), which was significantly higher than the AUC of each indicator in diagnosing septic AKI individually. Its sensitivity and specificity was 94.59% and 81.13%, respectively. It suggested that the combination of Scr, WIS, and PI for the diagnosis of septic AKI can achieve higher accuracy. The combination of Scr, WIS, and PI may detect early septic AKI and allow clinicians to intervene as early as possible, thereby reducing the extent of kidney damage and improving prognosis.
Insufficient and prospects
This study only analyzed the ability of each indicator for diagnosing septic AKI based on the recruited patients. The actual value of combined diagnosis has not been verified. Therefore, this study further plans to use the combined diagnosis data to identify septic AKI patients and adjust the combined diagnosis according to the results in order to find a truly accurate diagnostic method that is truly suitable for clinical use.
In conclusion, this study found that SIRS, Lac, BUN, Scr, PI, WIS, and RT are valuable in diagnosing septic AKI. Among them, the diagnostic accuracy of Scr, PI, and WIS was higher, and the combination of the three indicators can improve the accuracy in diagnosing septic AKI, which may help the early diagnosis of septic AKI. 
ARTICLE HIGHLIGHTS
Research background
Patients with sepsis are more likely to develop acute kidney injury (AKI), which can lead to worse prognosis. Early diagnosis or prediction of AKI of patients with sepsis can greatly improve the prognosis. Currently, serum creatinine (Scr) and urine volume are commonly used diagnostic indicators of AKI, but they are insufficient, making it difficult to detect the occurrence of AKI in time and accurately. For that reason, finding a new way to detect the risk factors and intervene in an early time is the focus of the diagnosis and treatment of septic AKI.
Research motivation
Contrast-enhanced ultrasound (CEUS) can monitor microcirculatory blood perfusion. It has been widely used in many kidney-related diseases because of its simple operation and low nephrotoxicity. In animal experiences, CEUS has been proven to detect changes in renal cortical microcirculation in early ischemia/reperfusion injury, suggesting the possibility of applying it in AKI diagnosis. However, its role in AKI assessment and diagnosis has not been clinically confirmed.
Research objectives
In this study, we analyzed the diagnostic value of general data, biochemical indicators, and CEUS indicators in septic AKI. The aim of this study is to realize early diagnosis and intervention in the development of septic AKI, thereby improving patient prognosis.
Research methods
Ninety patients who developed sepsis during hospitalization were recruited as subjects. The relevant basic data, clinical indicators, and CEUS results of each patient were measured and recorded. The patients were divided into the AKI group and non-AKI group according to the results of renal function diagnosis after 48 h. The renal function of non-AKI group was reassessed on the 7 th day, and the patients in this group were then further divided into AKI subgroup and non-AKI subgroup. The differences of the indicators in different groups were compared, and the diagnostic value of each indicator and their combination for septic AKI were analyzed.
Research results
The systemic inflammatory response score (SIRS) , blood lactic acid (Lac) , Scr, blood urea nitrogen (BUN), and rise time (RT) in the AKI group were higher than those in the non-AKI group. Peak intensity (PI) and wash in slope (WIS) were lower than those in the non-AKI group. The differences were statistically significant (P < 0.05). PI and WIS in the AKI subgroup were lower than those in the non-AKI subgroup, and the differences were statistically significant (P < 0.05). The area under curve (AUC) of Scr for the diagnosis of septic AKI was 0.825 with a sensitivity of 56.76% and a specificity of 100%. The AUCs of WIS and PI (0.928 and 0.912) were higher than those of Scr. Their sensitivities were 100%, but the specificities were 71.70% and 75.47%, respectively. The AUC of the combination of three indicators for the diagnosis of septic AKI was 0.943, which was significantly higher than the AUC diagnosed by each single indicator. The sensitivity was 94.59%, and the specificity was 81.13%.
Research conclusions
SIRS, Lac, BUN, Scr, PI, WIS, and RT are valuable in diagnosing septic AKI. The diagnostic accuracy of Scr, PI, and WIS was higher than the others, and the combination of the three indicators can improve the accuracy in diagnosing septic AKI.
Research perspectives
In order to avoid the interference caused by the differences of individual and environmental factors in different patients, the further study plans to use the combined diagnosis data in more clinical septic AKI patients and adjust the combined diagnosis according to the results in order to find a truly accurate diagnostic method that is truly suitable for clinical use.
